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Available online 22 July 2016Carotenoids are antioxidants and vitamin A precursors that have important roles in human
health. Hence, improving the carotenoid contents in maize kernels is a priority objective for
breeders in order to obtain nutritional biofortification outcomes. In the current study, the
genetic architecture of carotenoids in maize kernels was explored using a recombinant
inbred line (RIL) population derived from a cross between inbred lines By804 and B73. A total
of 81 QTLs were detected by using a high-density bin map and a simple sequence repeat
(SSR)-based linkage map, with one to seven QTLs for each trait explaining 4.21%–47.53% of
the phenotypic variation. A comparison of the QTL mapping efficiency between the two
linkage maps revealed that the high-density bin map had higher resolution. In the current
study 46 additional QTLs were identified, with 16 being common with previous studies and
14 newly identified. Among the results, 29.6% (24/81) of QTLs explained >10% of the
phenotypic variation in the RIL population, and 70.4% (57/81) explained ≤10%. These results
suggest that a few large-effect QTLs, together with a variable number of minor-effect QTLs,
contributed to most of the genetic components of carotenoids in maize kernels.
© 2016 Crop Science Society of China and Institute of Crop Science, CAAS. Production and
hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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Zea mays1. Introduction
Carotenoids are oneof the largest groupsof isoprenoidmolecules
synthesized by plants and many microorganisms [1]. More than
500 specific carotenoids have been isolated and characterized,
but only 24 generally occur in human foodstuffs. The principal
carotenoids in foods are β-carotene, β-cryptoxanthin, lycopene,
lutein, and violaxanthin [2]. Dietary carotenoids are documented
to act as health-promoting phytonutrients for humans [3].. Yang).
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sors of vitamin A, which plays essential roles in immune
responses, vision, and cellular growth [4,5]. Extreme vitamin A
deficiency (VAD) may result in corneal ulceration, night blind-
ness, xerophthalmia, sensitivity to infections, and even death,
particularly in children less than five years of age (http://www.
who.int/nutrition/topics/vad/en/). VAD is a major world health
problem in developing countries, especially sub-Saharan Africa
and Southeast Asia. Maize, one of the most important worldnd Institute of Crop Science, CAAS.
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endosperm [6]. Hence, improving provitamin A in maize kernels
is an effective way to address VAD.
Maize carotenoids are a suitable model system for
investigation of quantitative variation in a biochemical
pathway [7]. In the last few decades, maize homologs
encoding enzymes involved in the carotenoid biosynthetic
pathway steps have been well described. These include
phytoene synthase (PSY1, PSY2) [8,9], phytoene desaturase
(PDS) [10,11], ζ-carotene desaturase (ZDS) [10], carotenoid
Z-isomerase (Z-ISO) [12], carotenoid cleavage dioxygenase 1
(CCD1) [13], lycopene β-cyclase (LCYB) [14], lycopene ε-cyclase
(LCYE) [15], β-carotene hydroxylase 1 (crtRB1) [11,16], and
zeaxanthin epoxidase (ZEP1) [16]. Other genes encoding en-
zymes in the maize carotenoid biosynthetic pathway have also
been cloned and mapped using homologies in model plant
species including 9-cis-epoxycarotenoid dioxygenase (NCED),
carotenoid isomerase (CRTISO), deoxyxylulose 5-phosphate
synthase (DXS), deoxyxylulose 5-phosphate reductoisomerase
(DXR), hydroxymethylbutenyl 4-diphosphate reductase (HDR),
hydroxymethylbutenyl 4-diphosphate synthase (HDS), geranyl
geranyl pyrophosphate synthase (GGPPS), and isopentyl pyro-
phosphate isomerase (IPPI) [6]. Among these genes, natural
variants of PSY1, LCYE, crtRB1, and crtRB3 were mined by
pathway-driven association analysis [15,17–19]. PSY1was strong-
ly associated with quantitative variation in carotenoid content
and composition [17]. LCYE and crtRB1 were associated with the
ratio of α to β-branch carotenoids and β-carotene concentration
and conversion, respectively, leading to higher provitamin A
levels in maize kernels [15,19]. crtRB3 affected the accumulation
of α-carotene in maize kernels [18]. Although the carotenoid
metabolic pathway is clear, little is knownabout the regulation of
carotenoid biosynthesis and accumulation in maize.
QTLmapping iswidely used to determine genetic architecture
of trait variation in many organisms [20]. Several plant species,
including Arabidopsis [7,21], carrot [22], grape [23], and wheat [24],
have been subjected to QTL analysis to dissect phenotypic
variation in carotenoids. There are a few studies onQTLmapping
for carotenoids in maize. Eighteen, 16, 18, and 23 loci for maize
carotenoids were identified using 123 SSR markers in a
W64a × A632 F2:3 segregating population and one test-cross
population with AE335, 201 molecular markers in a By804 × B73
recombinant inbred line (RIL) population, 109 SSR markers in a
DEexp × CI7 F2:3 population, and 117 SSR markers in a A619 ×
SC55 F2:3 population [11,25,26], respectively. The limitation of
these early studieswas that the detection of QTLswas performed
using low-densitymarkers.However, low-densitymarkersdonot
permit precise dissection of multiple linked genes controlling
complex traits [27,28]. Large-scale analysis of markers that cover
the entire genome and account for almost all potential recombi-
nant events in a population had already improved knowledge of
the modes of allele action related to maize starch and vitamin E
[27,29]. Therefore, large-scale analysis of markers might be able
to improve our understanding of the modes of allelic action
in regard to carotenoids. Compared with SSR markers, more
recently developed single nucleotide polymorphism (SNP)
markers represent a better marker system because they are
evenly distributed across the genome, co-dominant and accu-
rate. Furthermore, they can be generated and analyzed in a
high-throughput, cost-effective way.Please cite this article as: O. Jittham, et al., Genetic dissection of car
polymorphismmarkers in a recombinant inbr..., The Crop JournalThe objectives of this study were to dissect the genetic
architecture of carotenoids in maize kernels using a high-
density bin map and an SSR-based linkage map in a By804 ×
B73 RIL population, and to compare the power and resolution of
QTL mapping for carotenoids in maize kernels between two
linkage maps.2. Materials and methods
2.1. Genetic materials and phenotyping
A set of 178 RILs, derived from the cross of maize inbred lines
By804 and B73, was used to dissect the genetic architecture of
carotenoids in maize kernels. The procedures of cultivation,
harvesting, sampling and carotenoid extraction was described
in detail in a previous study [11]. Briefly, the RIL population
and their parents, By804 and B73, were grown in a randomized
complete block design with two replications at the Agronomy
Farm, China Agricultural University, Beijing, during the
summer seasons of 2004 and 2005. Each genotype was grown
in a row length of 4.00 m, with 0.67 m between rows and a
planting density of 45,000 plants ha−1. More than six plants in
each row were self-pollinated and the pollinated ears were
harvested at maturity. Kernels from each harvested ear in each
row were bulked separately and representative samples were
taken to measure carotenoids by High Performance Liquid
Chromatography (HPLC). Besides 5 measured traits, α-carotene
(AC), β-carotene (BC), β-cryptoxanthin (BCRY), lutein (LUT), and
zeaxanthin (ZEA), additional carotenoid-related traits including
total carotenoids (TC = LUT + AC + BC + BCRY + ZEA), total pro-
vitamin A [TVA = BC + (BCRY + AC)/2], RATIO (LUT + AC)/(BC +
BCRY + ZEA), AC/LUT, AC/TC, BC/TC, BC/BCRY, BCRY/ZEA, BCRY/
TC, BC/TC, and ZEA/TC, were calculated for subsequent analysis.
2.2. Phenotypic data analysis
The linearmixed effect function “lmer” in the lme4 package of R
version 3.1.1 was performed to obtain the Best Linear Unbiased
Prediction (BLUP) value for carotenoids: yij = μ + fj + ei + εij,
where μ is the grand mean of all environments, yij is the
phenotypic value of individual j in environment i, fi is the
genetic effect, ei is the effect of different environments and εij is
the random error. The grand mean was fitted as a fixed effect,
and genotype and environment were measured as random
effects. The variances of all carotenoid related traits were
analyzed by the “aov” function in R version 3.1.1. Themodel for
the variance analysis was y = μ + αg + βe + ε, where αg was the
effect of the gth line, βe was the effect of the eth environment
and ε is the error. All effects were considered to be random.
These variance componentswere used to calculate broad-sense
heritability as h2 = σg2/(σg2 + σe2/n) [30], where σg2 is the genetic
variance, σe2 is the residual error and n is the number of
environments. Pearson correlation coefficients and P-values
were calculated by the cor.test function in R version 3.1.1.
2.3. Genetic linkage maps
All 178 lines in the By804 × B73 RIL population, together with
the parents, were genotyped using the Illumina MaizeSNP50otenoids inmaize kernels using high-density single nucleotide
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Fig. 1 – Frequency distributions of carotenoid-related traits
based on BLUP values in the By804 × B73 RIL population. LUT,
lutein; ZEA, zeaxanthin; BCRY, β-cryptoxanthin; AC,
α-carotene; BC, β-carotene; TC, total carotenoids; TVA, total
provitamin A; RATIO, (LUT + AC)/(BC + BCRY + ZEA); AC/LUT,
(α-carotene/lutein); AC/TC, (α-carotene/total carotenoids); BC/
BCRY, (β-carotene/β-cryptoxanthin); BC/TC, (β-carotene/total
carotenoids); BCRY/TC, (β-cryptoxanthin/total carotenoids);
BCRY/ZEA, (β-cryptoxanthin/zeaxanthin); LUT/TC, (lutein/total
carotenoids); ZEA/TC, (zeaxanthin/total carotenoids). Each color
represents a specific trait.
3T H E C R O P J O U R N A L X X ( 2 0 1 6 ) X X X – X X XBeadChip containing 56,110 SNPs [31,32], and 228 molecular
markers including 202 microsatellites, 6 InDels, and 20
molecular markers that were developed from 18 candidate
genes involved in the lipid metabolism pathway in maize [33].
Among these markers, 15,285 SNP markers across the whole
genome were used to construct the bin map of 1790.2 cM, with
an average interval of 0.7 cM between adjacent bins [31]. For the
low-density linkage map (hereafter referred as the SSR-based
linkagemap), 228molecularmarkerswere used to reconstruct a
genetic map with total length of 1635.0 cM and an average
interval between adjacent markers of 7.2 cM.
2.4. QTL mapping
QTL mapping was performed using composite interval mapping
implemented in Windows QTL Cartographer 2.5 [34]. Model 6 of
the Zmapqtl module was used to detect QTL on the whole
genome by scanningwith a 0.5 cM interval betweenmarkers and
windowsize set at 10 cM. Forward–backward stepwise regression
with five controllingmarkers was used to control for background
from flanking markers. The threshold logarithm of odds (LOD)
value for putative QTL declaration was determined after 1000
permutations at a significance level of P < 0.05. The confidence
interval of each QTL position was estimated with a one-LOD
support interval. To determine total phenotypic variation of
significant QTLs, multiple interval mapping (MIM) in Windows
QTL Cartographer 2.5 [34] was performed with Bayesian Infor-
mation Criteria (BIC-M0) as criteria of the MIMmodel [35].3. Results
3.1. Phenotypic variation in carotenoids
There was significant phenotypic variation for 16 carotenoid-
related traits in the By804 × B73 RIL population (Fig. 1, Table 1).
The Best Linear Unbiased Prediction (BLUP) values for AC (0.54 ±
0.25 μg g−1), BCRY (0.27 ± 0.09 μg g−1) and BCRY/ZEA (0.18 ± 0.04)
were less than the parental values, while LUT (7.40 ± 1.67 μg g−1),
BC (0.48 ± 0.26 μg g−1), TC (10.20 ± 2.26 μg g−1), TVA (0.90 ±
0.37 μg g−1), RATIO (3.69 ± 0.63), LUT/TC (0.72 ± 0.04), BC/TC
(0.05 ± 0.02) and BC/BCRY (1.91 ± 0.92) and ZEA/TC (0.15 ± 0.03)
were near to the mid-parental values. The remaining traits, AC/
LUT (0.08 ± 0.03) and AC/TC (0.05 ± 0.02) were higher than the
parental values. ANOVA indicated that genotype and environ-
ment had a highly significant effect on each carotenoid trait.
Broad-sense heritability (h2) estimates were high for all caroten-
oid traits, ranging from 0.70 to 0.96 (Table 1) and indicating that
much of the phenotypic variation in carotenoid-related traits in
the By804 × B73 RIL population was genetically determined.
Pearson correlation coefficients showed that all carotenoid-
related traits were significantly correlated with each other (r =
0.16–0.99) (Fig. 2). As expected, TC was strongly correlated with
LUT, ZEA, BCRY, AC, BC, TVA, RATIO, BC/TC, BC/BCRY, BC/ZEA,
and ZEA/TC since TC is the sum of 5 carotenoid traits. The
strongest Pearson's correlation among the 16 carotenoid-related
traits was between AC/LUT and AC/TC (r = 0.99) and the lowest
correlation was LUT and AC/TC (r = 0.16). The high correlation
among some traits suggests that there should be common QTLs
for those traits.Please cite this article as: O. Jittham, et al., Genetic dissection of car
polymorphismmarkers in a recombinant inbr..., The Crop Journal3.2. QTLs for carotenoid traits identified by bin map
The minimum logarithm of odds (LOD) score, used as the
threshold to accept putative QTLs, was 3.1 for all traits after
1000 permutation tests. Forty nine QTLs were detected for the 16
carotenoid traits using a high-density binmap in the By804 × B73
RIL population (Table 2, Fig. 3). All the QTLswere distributed in 20
genomic regions across eight chromosomes except 4 and 7. Each
QTL explained 4.69%–33.50% of the phenotypic variation. The
number of QTLs for each trait varied from 2 (LUT, BC/BCRY, and
LUT/TC) to 4 (AC, BC, AC/TC, and BC/TC), with total explained
phenotypic variation ranging from 11.85% (LUT/TC) to 48.52%
(BC). Two QTLswere associated with LUT, LUT/TC, and BC/BCRY,
explaining 40.32%, 11.85%, and 40.25% of the total phenotypic
variation for LUT, LUT/TC, and BC/BCRY, respectively. Four QTLs
were detected for AC, BC, AC/TC, and BC/TC, and explained totals
of 29.43%, 48.52%, 22.94%, and 43.71%of the phenotypic variation,
respectively. Three QTLswere detected for each of the remaining
traits, explaining 18.74% to 47.97% of the total phenotypic
variation.
Among all identified QTLs, a total of 15 QTLs on chromo-
somes 6, 8, and 10 accounted for >10% of the phenotypic
variation in each trait except RATIO (Table 2). Alleles of twelve
QTLs with increasing effects came from By804, and the
remaining three QTLs came from B73. The QTL with the largest
effect, qtc6-1, was located on chromosome6, flanked bymarkers
ZE-106025043 and PZE-106037935, and explained 33.50% of the
TC variation. The By804 allele had an additive effect that
increased TC by 1.32 μg g−1. The QTL with the second largest
effect on chromosome 10 was associated with BC/TC and
explained 31.85% of the phenotypic variation. The By804 allele
at qbc/tc10-1 increased BC/TC by 0.01. Additionally, 34 QTLs on
eight chromosomes were detected for all traits, each explainingotenoids inmaize kernels using high-density single nucleotide
(2016), http://dx.doi.org/10.1016/j.cj.2016.06.006
Table 1 – Descriptive statistics and variance analysis of phenotypic data for carotenoid-related traits.
Traita
Mean ± SD RIL population
By804 B73 Mean ± SD Range Genotypeb Environmentc Residuals d h2e Confidence interval f
AC (μg g−1) 0.98 ± 0.05 0.65 ± 0.02 0.54 ± 0.25 0.12–1.44 6.40E−02⁎⁎ 5.18E−03⁎⁎ 5.23E−03 0.96 0.95–0.97
BC (μg g−1) 0.86 ± 0.06 0.36 ± 0.07 0.48 ± 0.26 0.12–1.62 9.40E−02⁎⁎ 5.12E−03⁎⁎ 9.79E−03 0.95 0.94–0.96
BCRY (μg g−1) 0.28 ± 0.03 0.75 ± 0.05 0.27 ± 0.09 0.13–0.60 9.34E−03⁎⁎ 5.23E−03⁎⁎ 4.56E−03 0.80 0.75–0.85
LUT (μg g−1) 9.93 ± 0.05 5.49 ± 0.38 7.40 ± 1.67 4.27–12.30 3.25E + 00⁎⁎ 9.20E−01⁎⁎ 1.07E + 00 0.86 0.82–0.89
ZEA (μg g−1) 1.41 ± 0.13 2.78 ± 0.76 1.50 ± 0.47 0.67–3.08 2.45E−01⁎⁎ 2.10E−03⁎⁎ 6.41E-02 0.88 0.85–0.91
TC (μg g−1) 13.46 ± 0.70 9.85 ± 0.60 10.20 ± 2.26 5.67–15.90 5.92E + 00⁎⁎ 4.74E−01⁎⁎ 1.85E + 00 0.87 0.83–0.89
TVA (μg g−1) 1.06 ± 0.19 0.76 ± 0.08 0.90 ± 0.37 0.29–2.37 1.49E−01⁎⁎ 2.07E−02⁎⁎ 2.00E−02 0.94 0.92–0.95
RATIO 3.86 ± 0.70 1.79 ± 0.69 3.69 ± 0.63 1.72–5.48 4.78E−01⁎⁎ 6.24E−01⁎⁎ 2.10E−01 0.82 0.77–0.86
AC/LUT 0.06 ± 0.03 0.04 ± 0.03 0.08 ± 0.03 0.02–0.20 1.06E−03⁎⁎ 4.73E−04⁎⁎ 2.72E−04 0.89 0.85–0.91
AC/TC 0.04 ± 0.02 0.02 ± 0.01 0.05 ± 0.02 0.02–0.13 4.28E−04⁎⁎ 1.36E−04⁎⁎ 8.65E−05 0.91 0.88–0.93
BC/BCRY 2.75 ± 1.12 0.60 ± 0.12 1.91 ± 0.92 0.62–5.59 9.80E−01⁎⁎ 5.14E−02⁎⁎ 2.94E−01 0.87 0.83–0.90
BC/TC 0.07 ± 0.02 0.04 ± 0.01 0.05 ± 0.02 0.02–0.14 5.34E−04⁎⁎ 1.13E−04⁎⁎ 7.99E−05 0.93 0.91–0.95
BCRY/TC 0.03 ± 0.00 0.07 ± 0.03 0.03 ± 0.01 0.01–0.05 5.72E−05⁎⁎ 7.76E−05⁎⁎ 2.55E−05 0.82 0.77–0.86
BCRY/ZEA 0.24 ± 0.05 0.24 ± 0.03 0.18 ± 0.04 0.11–0.30 1.97E−03⁎⁎ 1.83E−03⁎⁎ 1.66E−03 0.70 0.62–0.77
LUT/TC 0.75 ± 0.04 0.60 ± 0.13 0.72 ± 0.04 0.52–0.81 1.95E−03⁎⁎ 2.31E−03⁎⁎ 4.65E−04 0.89 0.86–0.92
ZEA/TC 0.11 ± 0.01 0.27 ± 0.09 0.15 ± 0.03 0.08–0.34 1.29E−03⁎⁎ 2.83E−04⁎⁎ 2.17E−04 0.92 0.90–0.94
aSee Fig. 1 for explanation of abbreviations. b–dVariances for genotype, environment and replication. eBroad-sense heritability. f90% confidence
interval of broad-sense heritability. ⁎⁎Significant at P < 0.01.
4 T H E C R O P J O U R N A L X X ( 2 0 1 6 ) X X X – X X X≤10% of the phenotypic variation for each trait. Alleles with
increasing effects at these loci were contributed by both parents.
3.3. QTL for carotenoid traits identified by the SSR-based
linkage map
To compare the power and resolution of QTL mapping for
carotenoids in maize kernels between the bin map and the
SSR-based linkage map, QTLs for all 16 carotenoid traits were
remapped using an SSR-based linkage map of 1635% cM in theFig. 2 – Phenotypic correlations among all carotenoid-related traits
indicates the correlation coefficient between two traits, and lowe
explanation of abbreviations.
Please cite this article as: O. Jittham, et al., Genetic dissection of car
polymorphismmarkers in a recombinant inbr..., The Crop Journalsame RIL population consisting of 178 families. The minimum
LOD value was determined to be 2.9 after 1000 permutations.
Sixty two QTLs distributed in 24 genomic regions on 10
chromosomeswere associatedwith 16 carotenoid-related traits
(Fig. 3, Table S1). Each QTL explained 4.21–47.53% of the
phenotypic variation. The number of QTLs for each trait varied
from 1 to 7 with total explained phenotypic variation ranging
from 13.10% (BCRY/ZEA) to 60.14% (LUT). One QTLwas involved
inBCRY/ZEAon chromosome 6, and accounted for 11.34%of the
phenotypic variation. Two QTLs were identified for AC/LUT andmeasured in the By804 × B73 RIL population. The upper right
r left indicates the significance levels. See Fig. 1 for
otenoids inmaize kernels using high-density single nucleotide
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Table 2 – Summary of QTLs identified for 16 carotenoid-related traits using a high-density bin map in the By804 × B73 RIL
population.
Trait a Chr. QTLb Peak
(cM) c
Marker interval Genetic
interval (cM)
Physical
interval (Mb)
LOD Additived R2 (%) e
AC 3 qac3-1 132.3 SYN22987–SYN20315 128.8–135.2 198.4–204.7 4.41 –0.07 7.50
3 qac3-2 142.5 SYN14789–PZE-103158635 139.8–144.4 208.6–210.4 3.83 –0.07 6.72
6 qac6-1 29.9 PZE-106025043–PZE-106037935 27.2–31.9 59.9–86.2 6.67 –0.09 11.83
10 qac10-1 43.4 PZE-110015036–SYN18004 42.0–46.0 14.6–77.1 4.78 0.07 8.18
Total f 29.43
AC/LUT 3 qac/lut3-1 132.3 SYN32693–SYN20315 131.8–135.2 201.3–204.7 4.01 –0.01 7.54
6 qac/lut6-1 121.1 PZE-106114426–SYN34380 118.0–123.0 160.6–163.2 3.99 0.01 7.57
10 qac/lut10-1 42.9 PZE-110015036–PZE-110040487 42.0–48.1 14.6–77.3 5.03 0.01 9.67
Total f 21.77
AC/TC 3 qac/tc3-1 132.3 SYN32693–SYN20315 131.8–135.2 201.3–204.7 3.98 –0.01 7.44
3 qac/tc3–2 142.5 SYN14789–PUT-163a-18179267-1485 139.8–144.7 208.6–210.7 3.76 –0.01 7.14
6 qac/tc6-1 121.1 PZE-106114426–SYN34380 118.0–123.0 160.6–163.2 4.34 0.01 8.17
10 qac/tc10-1 42.9 PZE-110015036–PZE-110040487 42.0–48.1 14.6–77.3 4.71 0.01 8.91
Total f 22.94
BC 1 qbc1-1 221.3 PUT-163a-78122363-4402–SYN91 218.6–223.9 285.2–288.1 4.33 0.06 5.40
5 qbc5-1 98.4 PZE-105100878–SYN33595 96.9–100.1 151.5–163.4 3.61 0.06 5.04
6 qbc6-1 30.7 PZE-106027535–PZE-106037122 29.9–31.6 65.9–85.2 12.25 –0.11 17.07
10 qbc10-1 75 PZE-110078694–SYN18728 72.8–77.8 133.5–135.9 9.42 –0.09 12.53
Total f 48.52
BC/BCRY 8 qbc/bcry8-1 85.7 PZE-108051271–PZE-108057679 83.5–86.9 90.4–102.9 3.32 –0.21 4.89
10 qbc/bcry10-1 74.7 PZE-110080305–PZE-110082173 74.1–76.4 134.5–135.4 11.52 –0.47 19.84
Total f 40.25
BC/TC 2 qbc/tc2-1 73.5 PZE-102038897–PZE-102040639 72.9–74.7 19.1–20.4 4.10 0.01 5.88
2 qbc/tc2-2 83.7 PZE-102049428–PZE-102055572 81.9–86.3 27.6–33.5 4.47 0.01 6.36
6 qbc/tc6-1 30.7 PZE-106027535–PZE-106039942 29.9–33.1 65.9–88.7 5.78 –0.01 8.37
10 qbc/tc10-1 75.9 PZE-110080467–SYN18728 74.7–77.8 134.6–135.9 17.93 –0.01 31.85
Total f 43.71
BCRY 1 qbcry1-1 94.4 PZE-101087969–PZE-101,101,256 90.2–100.4 79.3–98.3 3.19 0.02 4.69
6 qbcry6-1 29.6 PZE-106025043–PZE-106034370 27.2–30.4 59.9–80.6 10.34 –0.04 16.91
10 qbcry10-1 43.7 PZE-110015036–PZE-103066235 42.0–45.4 14.6–91.9 6.80 0.03 10.55
Total f 37.02
BCRY/TC 1 qbcry/tc1-1 94.4 SYN339–SYN25508 88.7–97.1 72.8–89.2 4.25 0 7.60
8 qbcry/tc8-1 100.5 PZE-108075552–PZE-108086184 98.0–102.5 131.1–143.3 4.14 0 7.34
10 qbcry/tc10-1 42.6 PZE-110012701–SYN18004 39.2–46.0 11.2–77.1 4.95 0 8.87
Total f 26.85
BCRY/ZEA 2 qbcry/zea2-1 33 SYN7225–SYN1127 30.9–0.6 6.2–9.1 3.32 0.01 6.58
2 qbcry/zea2-2 154.6 SYN26925–SYN10674 152.0–160.3 203.3–212.5 3.28 –0.01 6.93
6 qbcry/zea6-1 121.4 SYN9306–SYN34380 118.6–123.0 162.0–163.2 3.72 0.01 7.45
Total f 18.74
LUT 1 qlut1-1 210.3 PZE-101229013–PZE-101232581 209.1–212.4 278.7–281.1 6.57 0.51 9.07
6 qlut6-1 30.4 SYN2895–PZE-106039415 29.6–32.5 62.1–88.1 17.99 –0.91 28.88
Total f 40.32
LUT/TC 1 qlut/tc1-1 94.1 PZE-101087969–PZE-101098936 90.2–98.0 79.3–90.8 4.27 –0.01 8.37
8 qlut/tc8-1 62.4 SYN4087–PZE-108020413 60.5–66.7 16.9–19.6 3.65 –0.01 7.10
Total f 11.85
RATIO 1 qratio1-1 108.7 PZE-101108089–PZE-101128051 102.8–109.9 114.0–162.5 4.78 –0.19 9.35
8 qratio8-1 64.1 PZB01977.1–PZE-108018725 62.7–66.1 17.4–18.8 7.21 –0.25 14.50
8 qratio8-2 100.5 SYN37265–SYN17472 98.6–102.2 131.8–141.8 3.94 –0.18 6.89
Total f 30.16
TC 1 qtc1-1 210.3 PZE-101228519–SYN2051 208.8–214.0 278.5–281.6 4.66 0.60 6.97
6 qtc6-1 30.4 PZE-106025043–PZE-106037935 27.2–31.9 59.9–86.2 18.65 –1.32 33.50
9 qtc9-1 16.7 PZE-109005879–SYN36360 14.8–21.3 6.5–9.4 3.67 –0.52 4.91
Total f 47.97
TVA 3 qtva3-1 112.9 SYN31225–PZE-103128590 110.0–115.1 181.1–185.3 4.13 –0.10 5.95
6 qtva6-1 30.7 PZE-106027535–PZE-106037122 29.9–31.6 65.9–85.2 14.21 −0.18 23.56
10 qtva10-1 79.4 PZE-110083604–PZE-110084927 78.9–80.2 136.1–136.8 7.26 −0.12 10.95
Total f 37.95
ZEA 6 qzea6-1 32.2 PZE-106027535–PZE-106039942 29.9–33.1 65.9–88.7 8.39 −0.17 12.45
8 qzea8-1 67.9 PZE-108020413–PZE-108022079 66.7–68.5 19.6–20.8 4.59 0.17 6.69
10 qzea10-1 77.5 PZE-110082173–SYN18728 76.4–77.8 135.4–135.9 12.26 0.21 19.38
Total f 42.18
(continued on next page)
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Table 2 (continued)
Trait a Chr. QTLb Peak
(cM) c
Marker interval Genetic
interval (cM)
Physical
interval (Mb)
LOD Additived R2 (%) e
ZEA/TC 1 qzea/tc1-1 91.7 PZE-101087758–PZE-101091104 89.6–94.1 78.7–82.9 5.25 0.01 8.30
8 qzea/tc8-1 65.8 PZE-108019557–PZE-108020413 63.8–66.7 18.2–19.6 4.16 0.01 6.50
10 qzea/tc10-1 77.5 PZE-110082173–PZE-110083604 76.4–78.9 135.4–136.1 10.72 0.02 18.64
Total f 36.27
a See Fig. 1 for explanation of abbreviations.
b Number following each gene designation represents the chromosome location of the QTL.
c Peak position with the greatest LOD.
d Additive effect of the corresponding QTL. Positive (+) indicates that the B73 allele increased trait expression, and negative (−) indicates that
the By804 allele increased trait expression, respectively.
e Percentage of phenotypic variation explained by the additive effects of the mapped QTL.
f Total percentage of phenotypic variation explained by all additive effects of the mapped QTL for each trait.
6 T H E C R O P J O U R N A L X X ( 2 0 1 6 ) X X X – X X XRATIO, and explained 25.36% and40.55%of the total phenotypic
variation, respectively. Three QTLs were detected for ZEA, BC/
BCRY, LUT/TC, and ZEA/TC, explaining 43.81%, 58.38%, 26.14%,
and 39.66% of the total phenotypic variation, respectively. Four
QTLs were associated with BC, BCRY, AC/TC, and BC/TC,
explaining 57.99%, 41.93%, 34.83%, and 52.43% of the total
phenotypic variation, respectively. Five QTLs were detected for
both TVA and BCRY/TC, with total phenotypic variation
explained of 52.02% and 35.92%, respectively. Six QTLs were
associated with AC and LUT and explained totals of 47.20% and
60.14%of thephenotypic variation. The highest number of QTLs
detected for TC was seven and explained a total of 56.45% of
phenotypic variation.
Among all QTLs, 23 explaining >10% of the phenotypic
variation were on chromosomes 1, 3, 6, 8, and 10 for all traits
except BCRY/TC. The B73 alleles had additive effects on
qrbcry8-1, qrzea10-1, qrbcry/zea6-1, qrlut/tc3-2, and qrzea/tc10-1
contributing to increases in BCRY, ZEA, BCRY/ZEA, LUT/TC,
and ZEA/TC, respectively. The By804 alleles had additive
effects on the remaining 18 QTLs. The QTL with largest effect
was for BC/BCRY on chromosome 10; it was flanked by
markers umc2163 and umc1506 and accounted for 47.53% of
the phenotypic variation. The By804 allele at the qrbc/bcry10-1
locus contributed to an increase of 0.64 in BC/BCRY. The QTL
for BC/TC with second largest effect was on chromosome 10,
and accounted for 38.08% of the phenotypic variation, with
the allele from By804 being responsible for increase effect. The
remaining 39 QTLs for all traits except BCRY/ZEA were
identified on 10 chromosomes and each explained ≤10% of
phenotypic variation. Alleles of these 29 QTLs with increasing
effects came from B73, and the remainder came from By804.
3.4. Comparison between QTLs for carotenoid traits identified
by the bin and SSR-based linkage maps
There were 15,285 SNP markers in the bin map with a total
length of 1790.2 cM [31], whereas the SSR-based linkage map
contained 228molecularmarkers across thewhole genomewith
total length of 1635.0 cM. The average interval between adjacent
markerswas 0.7 cM for the binmapand7.2 cM for the SSR-based
linkagemap. For all 16 traits, less QTLswith smaller effects were
detected using the bin map (49) than by using the SSR-based
linkage map (62), with 30 QTLs in common (Table 3, Table S2).
Compared with the number of QTL detected for each trait byPlease cite this article as: O. Jittham, et al., Genetic dissection of car
polymorphismmarkers in a recombinant inbr..., The Crop Journalboth linkage maps, the numbers of QTLs detected for 5 traits
including BC, ZEA, AC/TC, BC/TC, and ZEA/TC using the binmap
were similar to the SSR-based linkagemap.Whereas,more QTLs
for RATIO, AC/LUT, and BCRY/ZEA were identified using the bin
map than by using the SSR-based linkage map, the opposite
occurred for the remaining eight carotenoid-related traits.
Comparing average QTL intervals, the bin map enhanced the
resolution of QTL mapping from an average of 9.45 cM to an
average of 4.57 cM. Hence, increasing the marker density
enhanced the resolution of QTL mapping; 9.09% (1/11) of
common loci were detected with lower resolution by bin
mapping than by the SSR-based linkage map.4. Discussion
4.1. The genetic architecture of carotenoid biosynthesis in
maize
In the present study, 81 QTLs at 33 loci were detected using two
linkage maps with one to seven QTLs being detected for each
trait, and explaining 4.21–47.53% of the phenotypic variation in
the By804 × B73RIL population (Fig. 3, Table 2, Table S1). Based on
physical position in the B73 reference genome sequences in
Version 2 (http://www.maizegdb.org/), 24.7% of QTLs (20/81) were
previously reported for six common traits, namely α-carotene,
β-carotene, β-cryptoxanthin, zeaxanthin, lutein content, and
derived total carotenoids, using the samepopulationbutdifferent
population sizes and marker densities [11]. For newly identified
traits in the current study, 46 additional QTLs were identified,
with 16 being common, and 14 newly identified. When the
genomic positions of QTL were considered, 39% of loci (13/33)
were reported in the study by Chander et al. [11], including three
clusters on chromosome6borderedbymarkers PZE-106025043 to
PZE-106039942 (umc1037–atf2), chromosome 8 flanked by the
markers PZE-108075552 and PZE-108086184 (umc1735–umc1141),
and chromosome 10 flanked by markers PZE-110078694 and
PZE-110084927 (umc2163–umc1506). The increased locus number
is mainly due to the increased number of detected traits.
At least one large-effect QTL with explained phenotypic
variation of over 10% was identified for all traits except BCRY/
ZEA (Table 2, Table S1). This result was similar to studies of QTL
mapping of carotenoid traits in maize kernels using different
numbers ofmolecularmarkers, genetic backgrounds, populationotenoids inmaize kernels using high-density single nucleotide
(2016), http://dx.doi.org/10.1016/j.cj.2016.06.006
Fig. 3 – Distributions of putative QTLs for 16 carotenoid-related traits in the By804 × B73 RIL population. The outermost circle
represents the distribution of QTLs identified using a high-density bin map, and the innermost circle represents the
distribution of QTLs identified using a low-density linkage map constructed by SSR markers. The circle beneath with scale
represents the genetic position in the high-density bin map. See Fig. 1 for explanation of abbreviations.
7T H E C R O P J O U R N A L X X ( 2 0 1 6 ) X X X – X X Xsizes and QTL mapping models [11,25,26,36]. This indicates that
carotenoid traits are likely to be based on a small number of
moderate- to large-effect loci [11,25,26]. Similar results were
reported for other polygenic agronomic and domestication-
related traits such as fruit size in tomato [37], grain size in rice
[38], seed shattering in rice [39,40], kernel row number in maize
[41,42], and inflorescence position in maize [43]. Thus a few
large-effect QTLs, together with unknown numbers of minor-
effect QTLs contribute to the genetics of carotenoid variation in
maize kernels in bi-parental segregating populations.
4.2. Association of candidate genes with QTL for carotenoid
traits
Mapping gene paralogs of known enzymes in the carotenoid
biosynthetic pathway provided an impetus to investigate the
co-location of candidate genes and mapped QTL for caroten-
oids. Among 58 genes coding key enzymes in the carotenoid
biosynthetic pathway [7], 20 were co-localized with 29 QTLs
for all traits. The major QTLs on chromosome 6 with a largePlease cite this article as: O. Jittham, et al., Genetic dissection of car
polymorphismmarkers in a recombinant inbr..., The Crop Journaladditive effect found in this study co-localized with PSY1,
which is the first step of the carotenoid pathway [36]. PSY1
was strongly targeted in selecting yellow kernels duringmaize
domestication and improvement [44]. The evolution of PSY1
was further elucidated by using two diverse maize popula-
tions, and suggested that polymorphic sites represented by a
378 bp InDel upstream of the transcription start site and a SNP
in the fifth exon, were positively selected in divergence of
yellow maize from white maize [17]. Both sites were polymor-
phic between By804 and B73 [17], further confirming the
existence of this major QTL on chromosome 6.
Another major QTL on chromosome 10 with large additive
effect co-localized with crtRB1 [16], which was associated with
β-carotene concentration and conversion in maize kernels
[19]. In addition, Harjes et al. [15] mapped LCYE on chromo-
some 8 near marker bnlg1599, a result that is consistent with
our finding of three QTLs, qbcry/tc8-1, qratio8-1, and qrbcry/
tc8-1, associated with the ratio of α- and β-branch. The LCYE
and crtRB1 alleles conferring significantly reduced transcript
levels increased the accumulation of β-branch carotenoidsotenoids inmaize kernels using high-density single nucleotide
(2016), http://dx.doi.org/10.1016/j.cj.2016.06.006
Table 3 – Comparison of QTL mapping between the low
density SSR-based linkage map and the high density bin
map for 16 carotenoids-related traits.
Trait a Bin map SSR-178 lines SSR-233 lines
[11]
No.
of
QTL
Average
QTL
intervalb
No.
of
QTL
Average
QTL
intervalb
No.
of
QTL
Average
QTL
intervalb
AC 4 4.93 6 6.63 5 12.46
BC 4 4.20 4 10.18 4 10.35
BCRY 3 5.60 4 4.63 4 17.33
LUT 2 3.10 6 9.80 5 12.70
ZEA 3 2.13 3 5.90 5 8.62
TC 3 5.47 7 11.56 9 13.13
TVA 3 2.70 5 10.62 — —
RATIO 3 4.70 2 4.25 — —
AC/LUT 3 4.83 2 8.85 — —
AC/TC 4 4.85 4 7.63 — —
BC/BCRY 2 2.85 3 9.27 — —
BC/TC 4 3.05 4 13.73 — —
BCRY/TC 3 7.60 5 12.86 — —
BCRY/ZEA 3 7.47 1 13.60 — —
LUT/TC 2 7.00 3 7.90 — —
ZEA/TC 3 2.70 3 11.87 — —
Total 49 62 32
Average 4.57 9.45 12.43
a See Fig. 1 for explanation of abbreviations.
b Average QTL interval (cM), with QTL interval defined as the interval
of markers from left to right of the QTL.
8 T H E C R O P J O U R N A L X X ( 2 0 1 6 ) X X X – X X Xand decreased hydroxylation of β-carotene, caused high
provitamin A levels in maize kernels [15,19,45]. The QTL
cluster with small effect on chromosome 3 co-localized with
the CCD8 (carotenoid cleavage dioxygenase) gene [13] that
encodes an enzyme involved in generation of the
apocarotenoid hormone strigolactone [46]. The QTL with small
effect onBC/TC, qrbc/tc2-2 on chromosome2, co-locatedwith the
ZEP1 (zeaxanthin epoxidase) gene, responsible for seed caroten-
oid content via transcriptional regulation [6]. The findings
obtained in the current research lead to deeper understanding
of the genetic basis of carotenoid biosynthesis, and further
provide useful information for biofortification of maize kernels
with enhanced levels of provitamin A.
4.3. Advantages of a high-density bin map for genetic
characterization of carotenoids in maize kernels using a RIL
population
The resolution of QTL mapping depends on the detected
recombination frequency, which is largely determined by
marker density and population size [20]. Increasing the
marker density in a given population can reveal recombina-
tion events in more detail, thereby increasing the genetic map
and enhancing the resolution and precision of QTL mapping
[29]. The quality and accuracy of bin mapping for QTL detection
were already confirmed by studies on multiple traits in maize
[28,29,31,47,48] and many differences between the SSR and bin
maps were reported [11,28,31,33]. A low-density SSR-based
linkagemap was used to precisely describe genetic components
of carotenoids in maize kernels [11]. In the present study, thePlease cite this article as: O. Jittham, et al., Genetic dissection of car
polymorphismmarkers in a recombinant inbr..., The Crop Journalaverage genetic distance between flanking markers was 7.2 cM
when 228 markers were used to construct an SSR-based linkage
map. This was consistent with the previous finding [11], but the
drawback of using SSR-based linkage is a significant number of
recombination events will not be detected. By contrast, the
high-density bin map covering 15,285 SNP markers in 2496 bins
and an average genetic distance between bins of 0.7 cM [31] will
enhance the resolution of QTL mapping in the RIL population
relative to the SSR-based linkage map, and in fact improved the
resolution of QTL mapping from an average of 9.45 to 4.57 cM.
These results are consistent with previous studies [28,49]. Pan et
al. [49] also reported that high-density markers improved the
power and resolution of QTL mapping. Similarly, Guo et al. [28]
used a high-density bin map to identify grain yield heterosis in
an “immortalized F2” maize population and reported higher
accuracy of detecting QTLs using a high-density binmap.
In the previous study Chander et al. [11] reported confidence
intervals for identified QTL > 10 cM for six carotenoid traits,
values that are larger than present results based on our binmap.
This might be solely because of the limited number of markers
used in the earlier work. A comparison of QTL intervals for 16
carotenoid traits using the high-density bin map and low-
density linkage map revealed the same trend although some
smaller-effect QTLs were identified for AC, BC, BCRY, LUT, ZEA,
andTC in the current study using the SSR-based linkage analysis
when compared with the previous study [11]. A reasonable
explanation is the reduced population size from 233 in the study
of Chander et al. [11] to 178 in the current study with themarker
number being almost the same. More QTLs were identified for
six common traits in the RIL population containing 233 lines
than the present population of 178 lines, confirming that the
efficiency of QTL mapping depends on population size. The
overall results suggest that use of a high-density linkage map in
a well-chosen large bi-parental segregating population will
improve mapping efficiency and resolution in QTL analysis
compared to a low-density linkage map.Acknowledgments
Wegratefully thank two anonymous reviewers for their valuable
suggestions. We also greatly acknowledge Dr. Robert McIntosh,
University of Sydney for language improvement. This research
was supported by the National Natural Science Foundation of
China (No. 31361140362), and the International Advanced
Agricultural Science and Technology Plan (No. 2016-X33).Supplementary data
Supplementary data for this article can be found online at
http://dx.doi.org/10.1016/j.cj.2016.06.006.R E F E R E N C E S
[1] K.K. Namitha, S.N. Archana, P.S. Negi, Expression of carotenoid
biosynthetic pathway genes and changes in carotenoids during
ripening in tomato (Lycopersicon esculentum), Food Funct. 2 (2011)
168–173.otenoids inmaize kernels using high-density single nucleotide
(2016), http://dx.doi.org/10.1016/j.cj.2016.06.006
9T H E C R O P J O U R N A L X X ( 2 0 1 6 ) X X X – X X X[2] D. Dutta, U.R. Chaudhuri, R. Chakraborty, Structure, health
benefits, antioxidant property and processing and storage of
carotenoids, Afr. J. Biotechnol. 4 (2005) 1510–1520.
[3] M.A. Ruiz-Sola, M. Rodriguez-Concepcion, Carotenoid
biosynthesis in Arabidopsis: a colorful pathway, Arabidopsis
Book 10 (2012), e0158.
[4] F. Wang, J.G. Jiang, Q. Chen, Progress on molecular breeding
and metabolic engineering of biosynthesis pathways of C-30,
C-35, C-40, C-45, C-50 carotenoids, Biotechnol. Adv. 25 (2007)
211–222.
[5] T.B. Fitzpatrick, G.J.C. Basset, P. Borel, F. Carrari, D.
DellaPenna, P.D. Fraser, H. Hellmann, S. Osorio, C. Rothan, V.
Valpuesta, C. Caris-Veyrat, A.R. Fernie, Vitamin deficiencies
in humans: can plant science help? Plant Cell 24 (2012)
395–414.
[6] E.T. Wurtzel, A. Cuttriss, R. Vallabhaneni, Maize provitamin A
carotenoids, current resources, and futuremetabolic engineering
challenges, Front. Plant Sci. 3 (2012) 29.
[7] B.F. Owens, A.E. Lipka, M. Magallanes-Lundback, T. Tiede,
C.H. Diepenbrock, C.B. Kandianis, E. Kim, J. Cepela, M.
Mateos-Hernandez, C.R. Buell, E.S. Buckler, D. DellaPenna,
M.A. Gore, T. Rocheford, A foundation for provitamin A
biofortification of maize: genome-wide association and
genomic prediction models of carotenoid levels, Genetics 198
(2014) 1699–1716.
[8] B. Buckner, P.S. Miguel, D. JanickBuckner, J.L. Bennetzen, The
y1 gene of maize codes for phytoene synthase, Genetics 143
(1996) 479–488.
[9] C.E. Gallagher, P.D. Matthews, F. Li, E.T. Wurtzel, Gene
duplication in the carotenoid biosynthetic pathway preceded
evolution of the grasses, Plant Physiol. 135 (2004) 1776–1783.
[10] P.D. Matthews, R.B. Luo, E.T. Wurtzel, Maize phytoene
desaturase and zeta-carotene desaturase catalyse a poly-Z
desaturation pathway: implications for genetic engineering
of carotenoid content among cereal crops, J. Exp. Bot. 54
(2003) 2215–2230.
[11] S. Chander, Y.Q. Guo, X.H. Yang, J. Zhang, X.Q. Lu, J.B. Yan,
T.M. Song, T.R. Rocheford, J.S. Li, Using molecular markers to
identify two major loci controlling carotenoid contents in
maize grain, Theor. Appl. Genet. 116 (2008) 223–233.
[12] Y. Chen, F.Q. Li, E.T. Wurtzel, Isolation and characterization of
the Z-ISO gene encoding a missing component of carotenoid
biosynthesis in plants, Plant Physiol. 153 (2010) 66–79.
[13] R. Vallabhaneni, L.M.T. Bradbury, E.T. Wurtzel, The carotenoid
dioxygenase gene family in maize, sorghum, and rice, Arch.
Biochem. Biophys. 504 (2010) 104–111.
[14] M. Singh, P.E. Lewis, K. Hardeman, L. Bai, J.K.C. Rose, M.
Mazourek, P. Chomet, T.P. Brutnell, Activator mutagenesis of
the pink scutellum1/viviparous7 locus of maize, Plant Cell 15
(2003) 874–884.
[15] C.E. Harjes, T.R. Rocheford, L. Bai, T.P. Brutnell, C.B.
Kandianis, S.G. Sowinski, A.E. Stapleton, R. Vallabhaneni, M.
Williams, E.T. Wurtzel, J. Yan, E.S. Buckler, Natural genetic
variation in lycopene epsilon cyclase tapped for maize
biofortification, Science 319 (2008) 330–333.
[16] R. Vallabhaneni, C.E. Gallagher, N. Licciardello, A.J. Cuttriss,
R.F. Quinlan, E.T. Wurtzel, Metabolite sorting of a germplasm
collection reveals the hydroxylase3 locus as a new target for
maize provitamin A biofortification, Plant Physiol. 151 (2009)
1635–1645.
[17] Z.Y. Fu, Y.C. Chai, Y. Zhou, X.H. Yang, M.L. Warburton, S.T.
Xu, Y. Cai, D.L. Zhang, J.S. Li, J.B. Yan, Natural variation in the
sequence of PSY1 and frequency of favorable polymorphisms
among tropical and temperate maize germplasm, Theor.
Appl. Genet. 126 (2013) 923–935.
[18] Y. Zhou, Y.J. Han, Z.G. Li, Y. Fu, Z.Y. Fu, S.T. Xu, J.S. Li, J.B. Yan,
X.H. Yang, ZmcrtRB3 encodes a carotenoid hydroxylase that
affects the accumulation of alpha-carotene in maize kernel,
J. Integr. Plant Biol. 54 (2012) 260–269.Please cite this article as: O. Jittham, et al., Genetic dissection of car
polymorphismmarkers in a recombinant inbr..., The Crop Journal[19] J.B. Yan, C.B. Kandianis, C.E. Harjes, L. Bai, E.H. Kim, X.H.
Yang, D.J. Skinner, Z.Y. Fu, S. Mitchell, Q. Li, M.G.S. Fernandez,
M. Zaharieva, R. Babu, Y. Fu, N. Palacios, J.S. Li, D. DellaPenna,
T. Brutnell, E.S. Buckler, M.L. Warburton, T. Rocheford, Rare
genetic variation at Zea mays crtRB1 increases beta-carotene
in maize grain, Nat. Genet. 42 (2010) 322–327.
[20] T.F. Mackay, E.A. Stone, J.F. Ayroles, The genetics of quantitative
traits: challenges and prospects, Nat. Rev. Genet. 10 (2009)
565–577.
[21] S. Gonzalez-Jorge, S.H. Ha, M. Magallanes-Lundback, L.U.
Gilliland, A.L. Zhou, A.E. Lipka, Y.N. Nguyen, R. Angelovici,
H.N. Lin, J. Cepela, H. Little, C.R. Buell, M.A. Gore, D.
DellaPenna, Carotenoid cleavage dioxygenase4 is a negative
regulator of beta-carotene content in Arabidopsis seeds, Plant
Cell 25 (2013) 4812–4826.
[22] C.A.F. Santos, P.W. Simon, QTL analyses reveal clustered loci
for accumulation of major provitamin A carotenes and
lycopene in carrot roots, Mol. Gen. Genomics 268 (2002)
122–129.
[23] P.R. Young, J.G. Lashbrooke, E. Alexandersson, D. Jacobson, C.
Moser, R. Velasco, M.A. Vivier, The genes and enzymes of the
carotenoidmetabolic pathway inVitis vinifera L, BMCGenomics
13 (2012) 243.
[24] P. Colasuonno, A.M. Mastrangelo, A. Blanco, A. Gadaleta,
Description of durum wheat linkage map and comparative
sequence analysis of wheat mapped DArT markers with rice
and Brachypodium genomes, BMC Genet. 14 (2013) 114.
[25] J.C. Wong, R.J. Lambert, E.T. Wurtzel, T.R. Rocheford, QTL and
candidate genes phytoene synthase and zeta-carotene
desaturase associated with the accumulation of carotenoids
in maize, Theor. Appl. Genet. 108 (2004) 349–359.
[26] C.B. Kandianis, R. Stevens, W.P. Liu, N. Palacios, K.
Montgomery, K. Pixley, W.S. White, T. Rocheford, Genetic
architecture controlling variation in grain carotenoid
composition and concentrations in two maize populations,
Theor. Appl. Genet. 126 (2013) 2879–2895.
[27] S.T. Xu, D.L. Zhang, Y. Cai, Y. Zhou, T. Shah, F. Ali, Q. Li, Z.K.
Li, W.D. Wang, J.S. Li, X.H. Yang, J.B. Yan, Dissecting
tocopherols content in maize (Zea mays L.), using two
segregating populations and high-density single nucleotide
polymorphism markers, BMC Plant Biol. 12 (2012) 201.
[28] T.T. Guo, N. Yang, H. Tong, Q.C. Pan, X.H. Yang, J.H. Tang, J.K.
Wang, J.S. Li, J.B. Yan, Genetic basis of grain yield heterosis in
an “immortalized F2” maize population, Theor. Appl. Genet.
127 (2014) 2149–2158.
[29] T.T. Wang, M. Wang, S.T. Hu, Y.N. Xiao, H. Tong, Q.C. Pan, J.Q.
Xue, J.B. Yan, J.S. Li, X.H. Yang, Genetic basis of maize kernel
starch content revealed by high-density single nucleotide
polymorphismmarkers in a recombinant inbred line population,
BMC Plant Biol. 15 (2015) 228.
[30] S.J. Knapp,W.W. Stroup,W.M. Ross, Exact confidence-intervals
for heritability on a progeny mean basis, Crop Sci. 25 (1985)
192–194.
[31] Q.C. Pan, L. Li, X.H. Yang, H. Tong, S.T. Xu, Z.G. Li, W.Y. Li, G.J.
Muehlbauer, J.S. Li, J.B. Yan, Genome-wide recombination
dynamics are associated with phenotypic variation in maize,
New Phytol. 210 (2016) 1083–1094.
[32] M.W. Ganal, G. Durstewitz, A. Polley, A. Berard, E.S.
Buckler, A. Charcosset, J.D. Clarke, E.M. Graner, M. Hansen,
J. Joets, M.C. Le Paslier, M.D. McMullen, P. Montalent, M.
Rose, C.C. Schoen, Q. Sun, H. Walter, O.C. Martin, M.
Falque, A large maize (Zea mays L.) SNP genotyping array:
development and germplasm genotyping, and genetic
mapping to compare with the B73 reference genome, PLoS
One 6 (2011), e28334.
[33] X.H. Yang, Y.Q. Guo, J.B. Yan, J. Zhang, T.M. Song, T.
Rocheford, J.S. Li, Major and minor QTL and epistasis
contribute to fatty acid compositions and oil concentration in
high-oil maize, Theor. Appl. Genet. 120 (2010) 665–678.otenoids inmaize kernels using high-density single nucleotide
(2016), http://dx.doi.org/10.1016/j.cj.2016.06.006
10 T H E C R O P J O U R N A L X X ( 2 0 1 6 ) X X X – X X X[34] C.J. Basten, B.S. Weir, Z.B. Zeng, QTL Cartographer: a
Reference Manual and Tutorial for QTL Mapping, Department
of Statistics, North Carolina State University, Raleigh, NC,
USA, 1997.
[35] C.H. Kao, Z.B. Zeng, R.D. Teasdale, Multiple interval mapping
for quantitative trait loci, Genetics 152 (1999) 1203–1216.
[36] K. Chandler, A.E. Lipka, B.F. Owens, H. Li, E.S. Buckler, T.
Rocheford, M.A. Gore, Genetic analysis of visually scored
orange kernel color in maize, Crop Sci 53 (2013) 189–200.
[37] S. Grandillo, H.M. Ku, S.D. Tanksley, Identifying the loci
responsible for natural variation in fruit size and shape in
tomato, Theor. Appl. Genet. 99 (1999) 978–987.
[38] C.H. Fan, Y.Z. Xing, H.L. Mao, T.T. Lu, B. Han, C.G. Xu, X.H. Li,
Q.F. Zhang, GS3, a major QTL for grain length and weight and
minor QTL for grain width and thickness in rice, encodes a
putative transmembrane protein, Theor. Appl. Genet. 112
(2006) 1164–1171.
[39] S. Konishi, T. Izawa, S.Y. Lin, K. Ebana, Y. Fukuta, T. Sasaki, M.
Yano, An SNP caused loss of seed shattering during rice
domestication, Science 312 (2006) 1392–1396.
[40] C.B. Li, A.L. Zhou, T. Sang, Rice domestication by reducing
shattering, Science 311 (2006) 1936–1939.
[41] L.C. Cai, K. Li, X.H. Yang, J.S. Li, Identification of large-effect
QTL for kernel row number has potential for maize yield
improvement, Mol. Breed. 34 (2014) 1087–1096.
[42] L. Liu, Y.F. Du, D.A. Huo, M. Wang, X.M. Shen, B. Yue, F.Z. Qiu,
Y.L. Zheng, J.B. Yan, Z.X. Zhang, Genetic architecture of maize
kernel row number and whole genome prediction, Theor.
Appl. Genet. 128 (2015) 2243–2254.Please cite this article as: O. Jittham, et al., Genetic dissection of car
polymorphismmarkers in a recombinant inbr..., The Crop Journal[43] J. Doebley, A. Stec, L. Hubbard, The evolution of apical
dominance in maize, Nature 386 (1997) 485–488.
[44] K. Palaisa, M. Morgante, S. Tingey, A. Rafalski, Long-range
patterns of diversity and linkage disequilibrium surrounding
the maize Y1 gene are indicative of an asymmetric selective
sweep, Proc. Natl. Acad. Sci. U. S. A. 101 (2004) 9885–9890.
[45] R. Babu, N.P. Rojas, S. Gao, J. Yan, K. Pixley, Validation of the
effects of molecular marker polymorphisms in LcyE and
CrtRB1 on provitamin A concentrations for 26 tropical maize
populations, Theor. Appl. Genet. 126 (2013) 389–399.
[46] M.H. Walter, D. Strack, Carotenoids and their cleavage
products: biosynthesis and functions, Nat. Prod. Rep. 28
(2011) 663–692.
[47] Z.L. Chen, B.B. Wang, X.M. Dong, H. Liu, L.H. Ren, J. Chen, A.
Hauck, W.B. Song, J.S. Lai, An ultra-high density bin-map for
rapid QTL mapping for tassel and ear architecture in a large
F2 maize population, BMC Genomics 15 (2014) 433.
[48] W.W. Wen, H.J. Liu, Y. Zhou, M. Jin, N. Yang, D. Li, J. Luo, Y.J.
Xiao, Q.C. Pan, T. Tohge, A.R. Fernie, J.B. Yan, Combining
quantitative genetics approaches with regulatory network
analysis to dissect the complex metabolism of the maize
kernel, Plant Physiol. 170 (2016) 136–146.
[49] Q.C. Pan, F. Ali, X.H. Yang, J.S. Li, J.B. Yan, Exploring the
genetic characteristics of two recombinant inbred line
populations via high-density SNP markers in maize, PLoS
One 7 (2012), e52777.otenoids inmaize kernels using high-density single nucleotide
(2016), http://dx.doi.org/10.1016/j.cj.2016.06.006
